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Introduction 

Over  90%  of  prostate  cancer  patients  have  abnormalities  in  the  AKT  signaling  pathway. 
These  abnormalities  include  mutations  in  the  PTEN  and  AKT  proteins  as  well  as 
deletions  and  inversions.  Protein  kinases  are  targeted  in  an  attempt  to  cure  cancer,  and 
small  molecules  that  regulate  this  pathway  have  entered  the  clinic.  Inhibition  of  AKT 
signal  transduction  pathway  is  not  sufficient  to  inhibit  prostate  cancer  growth.  Inhibiting 
the  AKT  pathway  leads  to  increases  in  receptor  tyrosine  kinases  that  have  the  capacity  to 
block  the  action  of  this  kinase.  This  grant  proposal  will  explore  the  resistance  to  small 
molecule  AKT  protein  kinase  inhibitors  mediated  by  the  Pim-1  protein  kinase,  and 
examine  in  detail  whether  unique  Pirn  protein  kinase  inhibitors  that  synergize  with  AKT 
inhibitors  block  prostate  cancer  growth  overcome  this  resistance.  The  knowledge  gained 
through  the  studies  proposed  in  this  application  is  essential  for  the  development  of  this 
combined  chemotherapeutic  strategy. 

To  understand  how  Pirn  inhibitors  collaborates  with  AKT  inhibitors,  it  is  essential  to 
understand  how  Pirn  regulates  translation  and  through  what  phosphorylation  sites.  This 
laboratory  has  in  the  past  demonstrated  that  both  Pirn  and  AKT  can  regulate  the 
phosphorylation  of  PRAS40,  a  protein  that  regulates  the  mTORCl  pathway.  Both  Pirn 
and  AKT  modulate  the  phosphorylation  of  TSC-2  that  also  controls  TORC1  activity. 
TORC1  plays  a  critical  role  in  regulating  4E-BP1  phosphorylation,  and  thus  modulates 
the  activity  of  eIF4E  and  the  translation  of  proteins  that  have  a  5 ’Cap  mRNA.  Both  of 
these  results  suggest  that  Pirn  can  control  protein  translation  and  thus  influence  the 
growth  of  prostate  cancer  cells. 

This  work  has  is  detailed  in  the  publication  from  this  second  year  of  the  grant. 
Experiments  have  been  carried  out  to  attack  the  tasks  outlined  for  Year  1.  A  strategic 
decision  was  made  to  focus  next  on  Task  3  from  Year  2  of  this  grant  followed  by  Task  1 
of  year  3.  Although  the  order  of  analysis  varies  from  the  statement  of  work,  these 
experiments  have  occurred  in  logical  sequence  and  led  to  an  impressive  and  novel 
understanding  of  how  Pim-1  regulates  the  level  of  receptor  tyrosine  kinases  and  thus  the 
growth  of  prostate  cancer.  We  have  discovered  that  Pim-1  regulates  the  phosphorylation 
of  eIF4B  thus  controls  the  translation  of  the  MET  receptor  tyrosine  kinase  in  prostate 
cancer.  This  regulates  the  activity  of  the  MET/HGF  axis  and  potentially  can  affect  the 
ability  of  these  cells  to  spread  and  metastasize.  The  focus  of  the  research  carried  out  in 
the  second  year  has  been  to  publish  these  important  findings  which  we  have  done  in 
Molecular  and  Cellular  Biology  2014,  34(13):2517.  The  second  goal  of  these 
experiments  was  to  extend  these  findings  and  develop  a  fuller  understanding  of  Pirn 
function  with  AKT  inhibitors. 

Body 

In  the  second  year  of  this  proposal  we  have  focused  on  Year  2,  tasks  3  and  4  and  Year  3 
task  1 .  Tumors  are  complex  with  epithelial,  stromal  and  vascular  elements  all 
contributing  to  the  cancer  growth.  To  be  able  to  use  Pirn  and  AKT  inhibitors  together  to 
treat  cancer  it  is  important  to  be  able  to  define  which  cells  within  the  tumor  are  being 
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regulated  by  Pim  and  what  is  the  outcome  of  treating  animals  with  Pirn  inhibitors.  To 
explore  these  tasks  we  first  stained  human  tumor  and  normal  samples  with  Piml 
antibodies.  As  can  be  seen  (Fig.  1)  Pim  is  overexpressed  in  tumor  but  not  PIN  or  normal 
tissue. 

Tumor  growth  causes  limitations  on  blood  supply  and  hypoxic  tumor  region.  We 
questioned  whether  Pim  levels  and  activity  are  associated  with  tumor  normoxic  or 
hypoxic  tumor.  We  have  placed  PC3-LN4  human  prostate  cells  in  hypoxia  overnight  and 
evaluated  the  level  of  Pim  isoforms.  In  figure  2,  we  show  that  hypoxia  increases  the  level 
of  Piml  in  prostate  cancer  cells.  Although  Pim  1  and  2  are  elevated  by  hypoxia,  the  level 
of  mRNA  is  not  greatly  changed.  The  induction  of  hypoxia  in  these  prostate  cells  is 
demonstrated  by  the  increase  in  HIF-1  alpha.  In  conclusion,  hypoxia  increases  the  level 
of  Pim  kinases.  These  are  the  prostate  cells  where  Pim  will  be  able  to  enhance  receptor 
tyrosine  kinase  levels  when  AKT  is  inhibited. 

Since  Pim  is  increased  in  hypoxic  cells,  we  then  examined  whether  hypoxia  sensitized 
cells  to  the  Pim  inhibitor  AZD1208,  which  has  been  in  human  clinical  trials.  In  Fig.  3, 
we  demonstrated  that  hypoxia  sensitizes  to  the  growth  inhibitory  activity  of  Pim 
inhibitors.  Viability  of  human  prostate  cancer  cells  was  estimated  in  this  experiment  by 
using  an  MTS  assay.  Fig.  3  (left  panel)  shows  that  the  induction  in  hypoxia  in  these  cells 
is  associated  with  a  100-fold  increase  in  sensitivity  of  prostate  cells  to  Pim  inhibitor.  In 
Fig.  3,  the  right  panel  using  cell  extracts  from  this  experiment,  we  find  that  HIF1  alpha  is 
increased  by  hypoxia  but  decreased  by  the  addition  of  the  Pim  inhibitor.  Importantly  the 
effect  of  Pim  inhibitor  on  eIF4B  phosphorylation  is  much  more  dramatic  in  the  hypoxic 
cells  when  Pim  levels  are  increased. 

In  an  additional  Western  blot  (Fig.  4  left  panel),  Pim  inhibitor  treatment  of  hypoxic 
versus  normoxic  prostate  cancer  cells,  both  HIF-1  alpha  and  HIF-2alpha  are  shown  to  be 
decreased  by  Pim  inhibitor  AZD1208  treatment.  No  change  was  seen  in  the  mRNA  (Fig. 
4  bottom  left  panel).  The  laboratory  has  derived  mouse  embryo  fibroblasts  from  mice 
that  are  knock-out  all  of  the  Pim  enzymes.  As  demonstrated  in  Fig.  4  right  panel, 
fibroblasts  missing  the  Pim  enzymes  have  low  levels  of  HIF-1  and  2  alpha.  Together 
these  results  suggest  that  the  level  of  the  HIF  proteins  is  regulated  by  Pim.  Along  with 
the  receptor  tyrosine  kinases,  hypoxia  Pim  kinases  importantly  regulate  the  hypoxia 
inducible  proteins  that  are  key  to  the  response  of  tumor  cells  to  low  oxygen  tension. 

To  examine  whether  decreases  in  the  HIF  proteins  during  hypoxia  were  biologically 
meaningful,  we  investigated  the  activity  of  a  reporter  with  multiple  HIF  binding  sites 
(HRE)  in  front  of  a  luciferase  reporter  in  cells  that  are  treated  with  hypoxia  with  and 
without  the  Pim  inhibitor.  As  can  be  seen  in  Fig.  5,  the  addition  of  two  different  Pim 
inhibitors  in  a  dose  dependent  fashion  blocked  the  activity  of  the  HRE  to  activate 
luciferase  mRNA  and  protein  production.  This  result  demonstrates  that  the  ability  to 
inhibit  HIF  activity  can  be  seen  with  multiple  Pim  inhibitors. 

HIF  regulates  a  number  of  important  proteins  that  stimulate  tumor  growth  in  hypoxia. 

One  of  the  most  important  for  driving  tumor  growth  by  stimulating  vessel  growth  into  the 
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tumor  is  YEGF.  To  examine  whether  Pirn  inhibitors  block  the  induction  of  YEGF  and 
other  genes  associated  with  the  control  of  metabolism  by  HIF,  prostate  cells  were  placed 
in  hypoxia  and  treated  with  various  concentrations  of  AZD1208,  the  Pirn  inhibitor.  As 
seen  in  Fig.  6,  the  addition  of  Pirn  inhibitor  blocked  the  induction  of  VEGF  and  inhibited 
the  induction  of  specific  enzymes  that  regulate  metabolism.  This  data  demonstrates  that 
the  inhibition  of  Pim  by  small  molecule  inhibitors  blocks  the  ability  of  HIF  to  stimulate 
its  target  genes. 

The  mechanism  by  which  Pim-1  regulates  HIF  activity  was  next  investigated.  Prostate 
cancer  cells  were  first  placed  in  hypoxia  to  induce  HIF,  then  treated  with  cycloheximide 
to  block  translation.  Either  DMSO  or  AZD1208  was  added  to  cells.  The  left  panel  in 
Fig.  7  demonstrates  by  Western  blot  that  the  half-life  of  both  HIF-1  and  2  alpha  was 
decreased  by  Pim  inhibitor  treatment.  This  decrease  in  protein  half-life  was  quantitated 
in  Fig.  7  (right  panel)  and  shown  to  be  significantly  different.  To  further  evaluate  the 
mechanism  for  this  change  in  half-life,  prostate  cells  were  either  placed  in  normoxia  or 
hypoxia  and  DMOG  an  inhibitor  of  the  prolyl  hydroxylase  (PHD)  that  targets  HIF 
proteins  to  degradation  (Fig.  8  right  panel).  The  Western  blot  demonstrates  that  the 
DMOG  reverses  the  decreased  amount  of  HIF  (Fig.  8,  left  panel),  suggesting  that  control 
of  PHD  activity  may  be  the  key  to  understanding  Pim  activity. 

To  examine  this  in  animals,  PC3-LN4  cells  were  injected  subcutaneously  in 
immunosuppressed  mice  (10  mice  per  group),  and  once  the  tumors  grew  to  measurable 
size,  the  mice  were  treated  with  DMSO  or  AZD1208.  This  experiment  is  shown 
diagrammatically  in  Fig.  9.  In  Fig.  10,  we  demonstrate  that  Pim  inhibitor  treatment 
decreases  the  growth  of  these  tumors.  This  decrease  in  tumor  growth  is  significant  (Fig. 
10,  right  panel).  As  predicted  by  the  cell  culture  experiments,  Western  blots  of  extracts 
of  these  tumors  demonstrate  lower  levels  of  both  HIF1  and  2  alpha  in  treated  tumors  with 
increased  Piml  levels  (Fig.  1 1).  The  phosphorylation  of  two  potential  substrates  of  Pim, 
IRS1  and  eIF4B  are  decreased  in  these  tumor  samples  (Fig.  1 1). 

This  data  suggests  a  model  wherein  hypoxia  in  prostate  tumors  inhibits  the  activity  or 
level  of propyl  hydroxylases.  Pim  inhibits  this  enzyme  allowing  the  level  of  HIF  and  its 
substrates  to  increase.  Pim  inhibitors  enhance  PHD  activity  and  lead  to  the  degradation 
of  HIF  1  and  2  alpha  and  prevent  the  production  of  hormones,  i.e.  VEGF,  a  hormone  that 
regulates  the  growth  of  vessels  in  prostate  tumors  (see  Figure  12,  model). 


Key  Research  Accomplishments: 

Published  in  year  2  of  this  grant  -  in  Molecular  and  Cellular  Biology  (2014,  34(13):25 17) 
1  -  Inhibition  of  Pim  by  RNA  interference  or  pharmacologic  inhibition  blocks  AKT 
inhibitor-induced  up  regulation  of  RTKs  in  prostate  cancer  cells. 

2-  Pim-1  induced  increases  in  receptor  tyrosine  kinases  are  not  cell  line  specific. 

3-  Combination  of  Pim  and  AKT  inhibitors  resulted  in  synergistic  inhibition  of 
prostate  cancer  growth. 

4-  Pim  protein  levels  correlate  with  MET  levels  in  prostate  cancer 
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5-  Pim  controls  the  phosphorylation  of  eIF4B 

6-  eIF4B  phosphorylation  regulates  the  association  of  this  protein  with  the  eIF3 
complex 

7-  Pim-directed  eIF4B  phosphorylation  modulates  the  translation  and  activity  of 
MET 

Novel  Additional  Findings  in  Year  Two 

•  Hypoxia  increases  the  level  of  Pim  protein  kinases. 

•  Pim  inhibitors  regulate  the  level  of  HIF1  and  2  alpha  both  in  prostate  cells  in 
culture  and  in  vivo  tumor  models. 

•  Pim  inhibitors  decrease  the  half-life  of  HIFs 

•  DMOG  experiments  suggest  that  Pim  regulates  the  PHD  protein  levels  or  activity. 

•  Decreases  in  the  level  of  HIF  induced  by  Pim  inhibitors  blocks  the  production  of 
VEGF 

Publications: 

Cen  B,  Xiong  Y,  Song  JH,  Mahajan  S,  DuPont  R,  McEachem  K,  DeAngelo  DJ,  Cortes 
JE,  Minden  MD,  Ebens  A,  Mims  A,  LaRue  AC,  Kraft  AS.  The  Pim-1  Protein  Kinase  Is 
an  Important  Regulator  of  MET  Receptor  Tyrosine  Kinase  Levels  and  Signaling.  Molec 
Cell  Biol  2014,  34(13):2517. 

Conclusion: 

The  PI3K/AKT  pathway  is  hyperactivated  in  prostate  cancer  but  its  effective  therapeutic 
targeting  has  proven  difficult.  In  particular,  the  antitumor  activity  of  AKT  inhibitors  is 
attenuated  by  upregulation  of  receptor  tyrosine  kinases  (RTK)  through  an  uncharacterized 
feedback  mechanism.  Based  on  the  data  collected  and  supported  by  this  proposal,  we 
have  published  that  RNA  interference-mediated  silencing  or  pharmacologic  inhibition  of 
Pim-1  activity  curtails  AKT  inhibitor-induced  upregulation  of  RTKs  in  prostate  cancer 
cells. 

Pim,  through  regulation  of  eIF4B  phosphorylation,  is  able  to  control  the  synthesis  of  this 
protein  and  thus  modulate  the  sensitivity  to  the  HGF/MET  axis  in  prostate  cancer. 

New  data  presented  in  this  update  demonstrates  that  Pim  protein  levels  are  regulated  in 
prostate  cancer  through  the  induction  of  hypoxia.  Increases  in  Pim  could  occur  through 
the  Foxo  transcription  factors  or  other  mechanisms.  Inhibition  of  Pim  appears  to  regulate 
PHD  proteins  and  thus  control  HIF  activity.  Inhibitors  of  Pim  block  HIF  activity  and 
thus  function  to  inhibit  tumor  growth. 

These  new  data  suggest  that  the  portion  of  the  tumor  that  will  be  the  most  sensitive  to  the 
combination  of  AKT  and  Pim  inhibitors  will  be  the  hypoxic  portions.  This  is  critical 
because  the  hypoxic  areas  of  tumors  are  the  most  difficult  to  treat  with  standard 
chemotherapy  and  radiation. 


7 


PIM1  is  overexpressed  inhuman  prostate  tumor  samples 


Fig,  1  -IHCsta  in  ingsho-ws  that  Pim  levels  a  re  elevated  in  prostate  cancer. 


Hypoxia  Increases  PIM  is  of  omn  expression 
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Fig.  2-  H  u  m  a  n  p  rastat  e  c  arc  er  t  el  la  PC3-LN4  we  re  p  let  ed  i  n  hypaxi  a  f-a  r  IS  h  a  nd  ext  racts 
w  e  re  s  u  b  jested  t-a  Waste  m  b  kits,  m  RHA  w  as  ext  ratted  and  q  RT-PCR  p  erf  a  rmed  fa  r  the  three 
Pim  isoforms. 
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Relative  Vi  ability 


Hypoxia  sensitizes  prostate  cancer  cel  ls  to  PIM  inhibitors 


Normoxia  Hypoxia 


AZD  (3  pM)  -  +  -  + 


Fig.  3-  PC3-LN4cellswere  placed  in  normoxia  or  hypoxia  and  si  mu  ItaneousJy  treated  with  4ZD12EHJ  for 
lGh.  Cell  viability  w  aa  estimated  by  the  MTS  assay.  Extracts  of  cel  la  treated  with  AZD  far  5  h  were 
examined  hy  Western  blot. 


PIM  increases  the  protein  levels  of  HlF-la  and  HIIF-2a 
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Fig.  4-  P-CB-LN^  cel  la  in  narmaxia  or  hypoxia  were  treated 
w  it  h  P  i  m  i  n  hi  bita  r  Left  p  an  el  shows  a  W  est  ern  h  I  at  and 
•q  RT-PCR  a  n  t  re  at  ed  c  ells.  R  ight  p  ane  I  d  e  ma  nst  rat  ea  W  estem 
h  lot  -a  n  Tri  p  i  e  knockout  P  im  f  i  h  rob  laats  ITKO  j  ve  rs  us  WT  c  ella. 
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PIM  inhibitors  decreases  H IF- 1  activity 


Hypoxia  (l.CJfft  02) 

Fig.  5-  PC3-LN4  cel  Is  we  he  transfected  with  avector  having  a  HIF  responsive  promoter  IHRE}  with  a 
I  if  e  rase  re  po  rte  r  |  LUC(.  Th  ese  c  el  Is  p  i  ated  i  n  hy  pox  ia  a  nd  w  ere  t  reat  ed  with  DMS0  o  r  th  e 
G  e  n  e  nt  ec  h  |G  N  E|i  P  i  m  i  n  hi  bite r  o  r  AZD  i  nh  ib  it  or  i  n  varyi  ng  doses . 


PIM  inhibition  blunts  the  express  on  of  HIF-1  target  genes 


|n_DMSO  |h_DMSO  nH-^0  (luM)  |J  H_AZD  (3  uM) 

Fig.  G-  PC3-LN4cells  were  pieced  in  no  anoxia  a  r  hyp-mcia  overnight  and  treated  with  or  without  Pim 
inhibitor.  QRT-PCR  was  performed  for Glutl,  h  era  kinase  |HK2^  p  hosphoglyte  no  kin  ase  |  PG  K 1),  PKM2, 
a  nd  vasoj  lature  e  n  doth  el  ial  growth  factor  (V EG  F). 


10 


PI  M  i  nh ibito is  re duce  H IF-1  a  a nd  H IF- 2a stability 
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Fig.  7-  PC3-LN4  c  bI  Is  we  re  p  lac  ed  in  hypaj-d  a  and  -eye  kj  hex  im  id  e  was  added .  W  est  ern  blots  were  dan  e 
at  the  times  ind  it  ated  (hrs;  far  the  identified  proteins.  These  b  lots  were  scanned  and  the  expression 
platted  relative  to  artin  | right  panel;. 


F  D  H  activity  is  re  qui  red  f  or  P  l  M  i  nhi  b  ito  rs  to  re  duce  H  IF-la 


NormoHia  Hypoxia 

AZD: 

□  MOG: 

HIF-lct 

HIF-2gl 

PI  M2 

Actin 


□  MOG 


OH  OH 

|  HIF-1a 


Proteasomal 

Degradation 


Fig.  S-  PC3-LN4  cel  Is  we  re  p  let  ed  in  na  max  ia  or  hypox  ia  a  nd  t  re  ated  with  Pirn  in  h  ib  ita  r  AZD  1205 
with  or  without  DMOG  and  propyl  hydroxylase  inhibitor.  Western  blots  were  carried  outan 
these  extracts.  The  H I F  d  e^radat  in  n  pathway  isshawn  an  the  right  panel. 
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Tumor  Vo  lume(m  rnj,i 


□  o  es  AZ  □  1 20S  i  nhibit  tu  m  or  g  rov:th  a  nd  H I F  sig  nal  i  ng  in  vi vo 


2  x  Iff5  PC3-LN4 


Avg.  Tumor  Volume:  approx.  275  mm2 

14  d  ays 

AZD1208  (30  mg/kg  daily)  Vehicle  (0.5%  hydroxypropyl  methyl  cellulose) 

Fig.  3-  Sc  h  e  m  3  for  3n  im  3l  e  j$p  erim  ent  evsIu  3ti  t  h  e  set  ivity  of  P  i  m  i  n  hi  trito  rs  i  n  hypo  >ri  3. 


AZ □  1 20S  i n h i bits  PC3- LN A tumorg rowth  .in  vivo 


Control  AZD12QB 


Fig.  10- -Growth  curvEof  PC3-LN4  te  llstreated  with  AZD 1 205 1 1  eft  psnEl}.  The  weight  of  tu  mors  3t 
the  ti  me  of  necro psy  o  n  d  sy  1 5  isshown.  Th  e  3t  snd  srd  d  ev\  stion  of  m  e  ssurEm  snts  of  10  m  ic  e  p  sr 
gro u p  is  3 htxvn.  Th e  3t3r d Enot es  3  ign rfics oce  in  3  stud Entt-t esL 
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AZ  □  1 20S  i  n  h  ibrts  PC3-  LN4  tu  m  o  r  .g  ro  wth  in  vivo 


Vehicle  AZD12QS 

HIF-la 
HlF-2a 
PI  Ml 
PI  M  2 
I  RSI  (S11Q1) 
elF4B  (S406) 

Actin 


size-  matched  tu  m  ors 


Fig.  11- Western  bfotaf  tumorsfrom  mice  treated  with  vehicle  ar  Pirn  inhibit -an 


PIM  stabilizes  H  IF- la  via  inhibition  of  prolyl  hydroxylases 


HIF-ta 


I 


|  HIF-la  HIF-lfJ 


AAi 


HRE 


/  1  \ 


FU?) 

I  HIF-la 

I 

PP 

r^-i 


Protease  final 
Deg  Fadatbn 


PIM 


Survival  Angiogenesis  Gtycofyse. 


Fig.  12- A  mad  el 
-demanstratingthe 
a  it  ivity  af  P  i  m  i  n  hi  hita  ra 
in  hypoxia. 
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